The effect of swelling agent on the pore characteristics of mesoporous hydroxyapatite nanoparticles  by Bakhtiari, L. et al.
H O S T E D  B Y
Progress in Natural 
Science
Materials International
Available online at www.sciencedirect.comhttp://dx.doi.org/
1002-0071/& 20
(http://creativeco
nCorrespondin
E-mail addre
Peer review uProgress in Natural Science: Materials International 25 (2015) 185–190Original Research
www.sciencedirect.comwww.elsevier.com/locate/pnsmiThe effect of swelling agent on the pore characteristics of mesoporous
hydroxyapatite nanoparticles
L. Bakhtiaria,n, J. Javadpoura, H.R. Rezaiea, M. Erfanb, M.A. Shokrgozarc
aSchool of Metallurgical and Materials Engineering, Iran University of Science and Technology, Tehran, Narmak 16844, Iran
bSchool of Pharmacy, Shahid Beheshti University of Medical Sciences, Tehran 6153-14155, Iran
cNational Cell Bank of Iran, Pasteur Institute of Iran, Tehran 13164, Iran
Received 14 October 2014; accepted 17 December 2014
Available online 15 July 2015Abstract
The effect of swelling agent on the physicochemical properties of mesoporous hydroxyapatite particles synthesized by self-assembly process
has been investigated. Cetyl trimethylammonium bromide (CTAB) and 1-dodecanethiol were used as soft template and swelling agent
respectively. The results of the ﬁeld emission scanning electron microscopy (FESEM), X-ray diffraction (XRD), simultaneous thermal analysis
(STA), Brunauer-Emmett-Teller (BET) surface area, small-angle X-ray diffraction and Fourier transform infrared spectroscopy (FTIR)
assessments revealed that in the case of low concentration, 1-dodecanethiol performed as swelling agent and caused an increase in the pore
size. However, at higher concentrations it led to the formation of microemulsion and foamy structures. The optimum swelling agent: surfactant
mass ratio in synthesis of mesoporous hydroxyapatite particles with high pore volume was determined to be around 2.1 in this study.
& 2015 Chinese Materials Research Society. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Mesoporous materials possessing large surface areas and
uniform pore size distributions have attracted much attention
due to their potential applications in catalysis, gas sensing,
adsorption, optics, polymer ﬁller, bone tissue engineering, and
drug delivery systems [1–4]. The synthesis of mesoporous
materials is of considerable interest and is constantly being
developed to explore new applications. Basically there are two
major strategies for the synthesis of mesoporous materials, a soft
templating method and a hard templating approach [5]. The soft
templating mechanism makes use of the self-assembling ability
of the surfactant molecules to produce a variety of well-
organized porous inorganic materials. In the hard templating
approach, a porous framework is used as a hard template.10.1016/j.pnsc.2015.06.005
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g author. Tel.: þ98 21 77240480.
ss: lbakhtiari@iust.ac.ir (L. Bakhtiari).
nder responsibility of Chinese Materials Research Society.Mesostructure materials are obtained after the removal of the
framework by combustion treatment or a chemical etching
process. An important characteristic of the mesoporous materials
is the possibility to control pore structural properties such as
surface area, pore size, and pore volume. The latter parameters
are critically important in the accommodation and release
behavior of complex chemicals, catalytic reactions, and in
controlled release of drugs [6]. One of the classical methods
to adjust pore size is the use of organic swelling agent [7,8]. The
basic principle is to change the size of the pore by changing the
size and volume of the micelle structure. Swelling molecules
usually move into the hydrophobic core of the micelle structure
and expands them, thereby increasing the pore size of the
materials. Inspired by this method, here we report the prepara-
tion of mesoporous hydroxyapatite (HAp) particles using 1-
dodecanethiol as swelling agent. Synthesized hydroxyapatite
(HAp) due its biocompatibility and ability to bond with living
tissues has signiﬁcant applications in the biomedical ﬁelds [9].
Moreover, the use of mesostructured HAp particles as deliveryElsevier B.V. This is an open access article under the CC BY-NC-ND license
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reported in the literature [9–22]. Synthesized materials with
tunable pore size, pore volume and surface area are expected to
further the application of these materials and allow for better
control over the drug loading and release behavior. The effect of
swelling agent on the pore characteristics in the synthesis of
mesoporous HAp particles by soft templating method is
reported in this study.Fig. 1. XRD patterns of the samples calcined at 550 1C.2. Materials and methods
Cetyl trimethylammonium bromide (CTAB), sodium hydro-
xide (NaOH), 1-dodecanethiol (C12SH), calcium nitrate (Ca
(NO3)2  4H2O), ortho phosphoric acid (85% purity) and
ammonia solution (25% extra pure) were obtained from
MERCK Company. CTAB and 1-dodecanethiol were used
as dual templates. In a typical synthesis procedure, an
emulsion containing 100 ml 30 mM CTAB in deionized water,
2.5 ml 1-dodecanethiol and 5 ml of NaOH solution (2 M) was
prepared and stirred at 80 1C for 30 min. 10 ml of each
hydroxyapatite precursors (0.01 M calcium nitrate, and
0.006 M ortho phosphoric acid) were added to the above
solution and stirred for another 2 h. The pH of the ﬁnal
solution was adjusted by ammonia solution at 12. The resulting
white precipitate was ﬁltered, washed and dried at 60 1C
overnight. The ﬁnal dried powder was calcined at 550 1C for
5 h. The details of synthesized samples are summarized in
Table 1. The crystallographic structure of synthesized samples
was characterized by powder X-ray diffraction (XRD) using a
Jeol, JDX-8030 Diffractometer. The degree of ordering in the
pore structure was investigated using small angle X-ray
diffraction (SAXRD; PANalytical, X'Pert PRO MPD). Fourier
transform infrared (FTIR) spectra were collected on a Shi-
madzu, 8400s spectrometer. Simultaneous thermal analysis
(STA; Netztch, PL STA 1640) was used to conﬁrm the
absence of surfactant in the synthesized powder. The morphol-
ogy of the products was observed by ﬁeld emission scanning
electron microscopy (FESEM; Hitachi, S4160). The speciﬁc
surface areas of the samples were calculated according to the
Brunauer-Emmett-Teller (BET) method using adsorption data
in the relative pressure P/P0 range of 0.05–0.2. The pore size
distributions were estimated using adsorption branch of nitro-
gen isotherms based on the Barrett, Joyner, and Halenda (BJH)
model. The pore volumes were determined from the amount of
N2 adsorbed (Bellsorp mini-II) on the mesoporous samples.Table 1
Summary of R values (CTAB: C12–SH) mass ratios and their corresponding
sample codes.
Sample
code
R (C12–SH/CTAB mass
ratio)
1-dodecanethiol (C12–SH)
(ml)
CTAB
(mM)
R2 2.11 2.5 30
R3 4.22 5 30
R4 6.33 7.5 303. Results and discussion
3.1. Phase identiﬁcation
The XRD patterns for the calcined samples are presented in
Fig. 1. The diffraction patterns for all three samples are in good
agreement with the structural model of single phase hydro-
xyapatite (PDF ﬁle no.09-0432) in the ICDD data base [23].
Apparently, the change in the R values did not have a
signiﬁcant effect on the formation of HAp structure. The FTIR
spectra of CTAB, 1-dodecanethiol, and calcined samples are
displayed in Fig. 2. The absorption bands at –SH (3000–
3200 cm1) and C–S (720–570 cm1) and the absorption
band at CH2– (3000 cm
1) are characteristics bands for C12–
SH molecules and CTAB surfactant molecules respectively.
The disappearance of these bands in the calcined samples is an
indication that washing with deionized water and calcination at
550 1C for 5 h was sufﬁcient for the removal of the swelling
agent and surfactant molecules. FTIR spectra for the R2, R3
and R4 samples show characteristic bands of hydroxyapatiteFig. 2. FTIR spectra of the indicated samples.
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3 group at 570 and 1047 cm1, CO3
2 group at
1400–1500 cm1 and hydroxyl at about 3300 cm1) conﬁrm-
ing the XRD results. The thermal properties of the R4 sample
containing the highest amount of swelling agent and surfactant
molecules was studied by STA analysis (Fig. 3). The exother-
mic peak around 300 1C and the associated weight loss is
related to the combustion and removal of surfactant molecule
[17]. As indicated in this proﬁle, the process of weight loss
was stabilized at about 500 1C. The choice of calcination
temperature in this study (550 1C) was based on the STA
results.Fig. 3. STA proﬁle of the as-prepared R4 sample.
Fig. 4. FESEM micrographs of synthesized R0 sample in absence of3.2. Morphology and pore characteristics
The main objective in the present study is to study the effect
of swelling agent concentration on the properties of mesopor-
ous hydroxyapatite particles. The results of previous studies on
micellar structure in the absence of swelling agent, shows the
formation of spherical micelles at low CTAB:PO4
3 molar
ratio (about 0.06) [18], and the formation of cylindrical (rod-
like) hydroxyapatite particles at higher CTAB:PO4
3 ratios
[17,24,25]. The formation of cylindrical particles in the
absence of 1-dodecanethiol was observed in this study as well
(FESEM image of R0 sample shown in Fig. 4). The results in
the present investigation indicate that changes in the concen-
tration of swelling agent leads to the formation of different
micelle structures and consequently different pore morpholo-
gies (compare FESEM images of samples R2–R4 in Fig. 4).
The initial addition of swelling agent causes the formation of
rod shaped particles with larger diameters (compare FESEM
images for samples R2 and R0). Close examination of Fig. 4
shows sphere like particles with approximate size of 50 nm for
R3 sample and a foamy morphology for R4 sample. The effect
of swelling agent on the morphology of the mesoporous
structures has already been shown in the literature [26].
Apparently, the change in the degree of interaction between
the tail groups of CTAB, the solvent and the swelling agent
leads to the formation of different micelle structures and
consequently different pore morphologies. As shown schema-
tically in Fig. 5, cylindrical micelles formed at low concentra-
tion of swelling agent (sample R2). With the increase in the
concentration, the hydrophobic C12–SH molecules diffuse into
the hydrophobic section of micelles (CTAB tail) and initiated
the swelling process. Gradually the walls of the cylindersswelling agent and R2–R4 samples in presence of swelling agent.
Fig. 5. Morphological changes in the micelle structure with the increase in R
values (swelling agent content): rod-like micelles at low concentration of
swelling agent (a), a transition to sphere shape with the increase in the swelling
agent content (b), formation of sphere micelles (c) and formation of foamy
structure (d).
Fig. 6. Pore size distribution (BJH plots) for samples with different swelling
agent content (a) and Nitrogen adsorption–desorption isotherms for the
indicated samples (b).
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These nodes can eventually break the cylinder micelle into
spheres (sample R3). Further increase in swelling agent leads
to the formation of foamy structure (sample R4). These
changes are based on the packing factor parameter of
surfactant (g¼v/al) proposed by Israelachvili and co-workers
[27]. In this equation, v is the effective volume of surfactant
tail, a refers to the effective head group area and l is the length
of surfactant tail. The increase in the swelling agent concen-
tration lowers the surfactant packing factor (g) by the increase
the effective head group area (a value). This in turn increases
the CMC (Critical Micelle Concentration) as well as the Nagg
(aggregation number) of the micelle resulting in an increased
repulsive force, a decrease in micelle radius of curvature and a
transition from particles with rod shape to particles with sphere
shape [28,29]. Further increase in swelling agent concentration
gives rise to foamy structure which is in good agreement with
previously reported data in the literature [26,27]. Fig. 5 dis-
plays schematically the changes in the micelle structures
(rod-sphere-foam) with the increase in the swelling agentcontent. Pore characteristic of the samples were studied by
collecting nitrogen adsorption–desorption isotherms. Fig. 6(a)
shows the pore size distributions determined by Barrettt,
Joyner, and Halenda (BJH) method and part (b) shows the
collected isotherm data for the samples R2–R4. Nitrogen
adsorption–desorption isotherms for all the samples are of
type IV according to IUPAC classiﬁcation, indicating the
formation of mesopores on all samples. The surface area, pore
volume and the average pore diameter size for the calcined
samples are summarized in Table 2. As indicated in this table,
with the increase in the R values (increase in swelling agent),
there is a decrease in surface area, pore volume and an increase
in pore size diameter. Under strong basic conditions hydro-
phobic C12–SH molecule (pore expander) can form anionic
C12–S
 molecules. Strong electrostatic interactions between
these molecules, the cationic surfactant CTAþ ions and the
precursors will initiate a swelling process in the micelle
structure [27]. Higher concentration of C12–S
 molecules is
expected to increase the degree of swelling and provide larger
Fig. 7. Small-angle XRD patterns of synthesized mesoporous hydroxyapatite
powders (R2, R3 and R4).
Table 3
Pore characteristics of the synthesized samples.
Sample code d spacing (nm) n a (nm) nn dp (nm) nnn
R2 13.20870.36 15.5370.42 5.4270.38
R3 15.48070.59 18.2170.69 24.4870.42
R4 17.31470.35 20.3670.41 28.2670.33
nd spacing in small angle range is corresponded to the distance between
crystallographic sheets.
nna corresponded to the distance between the neighboring pore centers
which is determined by a¼ 2d= ﬃﬃﬃ3p [17] which known as unit cell parameter.
nnndp, pore diameter, is calculated from the adsorption branch of the
isotherm using BJH method.
Table 2
Physical characteristics of the synthesized mesoporous samples.
Sample
code
Morphology BET surface
area (m2/g)
Pore volume
(cm3/g)
Pore size
diameter (nm)
R2 cylindrical 101.4771.5 0.97270.1 5.4270.38
R3 Spherical 78.9971.83 0.76270.24 24.4870.42
R4 foam 68.12472.12 0.6670.16 28.2670.33
Fig. 8. Schematic presentation showing the effect of swelling agent on the
distance between the pore centers (a is the distance in the absence of the
swelling agent and a' is the distance in the presence of the swelling agent).
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NaOH (5 ml) was used in the synthesis of all samples. For this
constant amount of NaOH solution, there should be an increase
in the concentration of C12–S
 molecules with the increase in
the swelling agent content (samples R2–R4). The larger
concentration of C12–S
 molecules will provide a situation
for the increase in pore diameter as indicated in Table 2.
Apparently the increase in the pore size does not follow alinear pattern. This may be due to the difference in the
ionization degree for mediums with different NaOH/swelling
agent ratios and/or some other complex interactions among the
ions at higher swelling agent content. Of course there is an
optimum concentration of swelling agent molecule which
results in the highest pore volume and surface areas. The use
of an excessive amount of this agent can lower the pore
volume as indicated for the samples R3 and R4 (see Table 2).
Such an observation are in agreement with the reported data in
the literature [7,8]. The ordering in the pore structure was
investigated by conducting small angle X-ray diffraction
analysis on the samples (Fig. 7). The appearance of peaks in
the range of 2θ¼0.5–0.71 is an indication for the presence of
some degree of ordering in all samples. The calculated d
spacing values, distance between the neighboring pore centers
(a) and the BJH pore diameters are summarized in Table 3. As
indicated in this table, the higher amount of swelling agent
(higher R values) caused an increase in the pore diameter size
and the distance between the pore centers which may
explained by expansion of the micelle size. The role of
swelling agent on the increase in the distance between the
pore centers is shown schematically in Fig. 8. The shift to
lower angle in small angle XRD data with the increase in the
swelling agent content is the result of increased pore size and
therefore the increase in the distance between the pore centers
[29–31].4. Conclusions
Mesoporous hydroxyapatite particles were synthesized by
self-assembly method. It was shown that the use of swelling
agent was an effective technique to control the pore character-
istics in the mesoporous particles. The results showed that the
use of an optimum amount of 1-dodecanethiol (swelling agent)
can increase the pore diameter size and the distance between the
pore centers (a). Morphological changes were observed with the
increase in swelling agent content at constant surfactant
concentration. A study on the effect of pore characteristics on
the drug adsorption-release proﬁles is in progress.
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